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Introduction to heavy flavour physics

Heavy quarks produced in high Q? processes at early stages of the collisions
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pPb:

* test of cold nuclear matter effects
 PDF modifications
* saturation
* final state effects

* collective evolution (hydro?)

PP:

* test of pQCD calculations
* reference for pA and AA measurements
* role of MPI interactions

N.Armesto, arXiv:hep-ph/0604 1 08v2.
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Introduction to heavy flavour physics

Heavy quark energy loss in PbPb:
o collisional vs radiative component

Flavour dependence energy loss:
® <AE> X (Xs CRq L2

e Dead cone effect: gluon radiation suppressed

at small angles for massive quarks
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Collective behaviour:

* Vn measurements to study collective
behaviour of heavy quarks

* charm recombination in medium!?



Overview of the CMS detector

EM and hadron calorimeters
for jet, photon reconstruction
and isolation

Inner tracker for charged track and
vertex reconstruction

Muon In|<2.4

HCAL i< 5.2
ECAL inl< 3.0 Muon system for muon

Tracker nl< 2.5 reconstruction and triggering



Primary vertex resolution in pp collisions

\Ns=7TeV
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Impact parameter resolution in pp collisions

CMS preliminary 2010
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pT resolution in PbPDb collisions at 5 TeV
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key features for a successful HF experiment

From our experience with CMS and LHC it is fundamental to have:
- primary and secondary vertex resolution
- good impact parameter resolution down to low pr

- Is PID fundamental for low pr D mesons? CMS low pt
results demonstrated that PID is important but is not strictly
necessary

= For low pr physics, very big MB samples are clearly more
important as shown by the comparison between CMS and
ALICE results...



PID ALICE performances ITS/TPC/TOF
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CMS low pT results without PID
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With very large samples (~2.5 billion MB events in pp and ~300M events in
0-100% PbPb) we can go down to very low pr.

We can actually do better (down to 1 GeV or lower) with more cut optimisation
(machine learning techniques...)
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DO triggers at High-Level-Trigger (HLT)

N/ S

— L D
30 | My D? decay
T s £ vertex

Primary

P [GeVi/c]

Events firing hardware Tracks are reconstructed

0
jet triggers (Level-1) are in software trigger system D" meson are reconstructed

selected (HLT) for selected events Online D° reconstruction
* L1 jet algorithm with Track seed pr cut applied:  loose selection tooreduce the
. rates based on D® vertex
online background * pt> 2 GeV for pp displacement
subtraction * pt> 8 GeV for PbPb P

G.M. Innocenti, MIT, Heavy-flavour production in CMS, Initial Stages 20161



Performances of D triggers

pp, \'s=5.02 TeV
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— PbPb efficiency goes from
~90 to 100% depending on pt

G.M. Innocenti, MIT, Heavy-flavour production in CMS, Initial Stages 201612



A quick summary of our results



D and B cross sections in pp collisions

DO at 5.02 TeV, |y|<1.0 B* measurement at 5.02 TeV, |y|<2.4
1
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D and B meson production cross sections well described by NLO calculations:
—D meson upper edge of FONLL calculations
—B meson consistent with central values of FONLL at higher pr,

slightly higher for pt<15 GeV
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B meson production in pPb collisions
PRL 116 (2016) 032301
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FONLL Rpa fully compatible with unity No sizeable modification as a

function of rapidity

— D Rpa and HF electron studies can give also complementary information!
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DY meson Raaat 5.02 TeV

DY Raa measured from 2 to 100 GeV/c at central rapidity in 0-100%
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Exclusive BT meson measurement in PbPb

CMS B* production in PbPb at central rapidity |y|<2.4
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Well described by theoretical calculations that include radiative energy loss
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Raa of non prompt J/iy at 2.76 TeV
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- arXiv:1610.00613, Submitted to Eur. Phys. J. C :
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Strong suppression observed for non prompt J/y in PbPb collisions
— similar studies can be done in the c,b->electrons channel
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Flavour dependence at higher pr
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Same suppression for b-jets and inclusive jets at high pr
Mass difference negligible at high pr
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Nuclear Modification Factor
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Same suppression for b-jets and inclusive jets at high pr

Mass difference negligible at high pr
Large contribution of gluon splitting processes? In GSP case, we

are not measuring the b-quark Ejss but to some “fat” gluon Eioss
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Di-b-jet measurement in PbPb at 5.02 TeV

— |In back-to-back events bl production via gluon splitting processes is negligible

Event fraction
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Xy distributions of di-b-jets significantly modified in central PbPb collisions!
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Di-b-jet measurement in PbPb at 5.02 TeV

25.8 pb™! (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb)

e b dijets

e Inclusive dijets

50 100 150 200 250 300 350 400
N -weighted)

<Npart> (

XJ= p12/ P11

Same average asymmetry
observed for inclusive jets!

CMS-HIN-16-005

There is no significant difference in the suppression of inclusive and b-
jets even after excluding the contribution of gluon splitting processes
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DO elliptic flow in PbPb collisions

CMS Preliminary PbPb | s, = 5.02 TeV

-lllll lllll \lllll Illll llllll Illll ™

Cent. 30-50%
y| < 1.0 e D°

+ Charged particle
- CMS-PAS-HIN-15-014

0.25
CMS-PAS-HIN-16-007

0.2

3'1II|IIIIIIIIIII‘|III

0.15
0.1 +
S Nt
AN +[{ - &
>NO_05 —— ;‘;_;_\‘*—' .
] Theory prediction for prompt D B
-0.055 — LBT — L. Pang =
: — TAMU CUJET3 -
-0.1 |
C Filled box: syst. from non-prompt D" u
~0.15 Open box: other syst. -
llllllllll"llllllllllllllllllllll
0 5 10 15 20 25 30 35 40

P (GeV/c)

we need charm quark diffusion to describe the magnitude of the
D meson v>
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Summary and conclusions

CMS experiment showed to be an excellent detector for HF measurements

thanks to:

- excellent tracking and vertexing system

- efficiency di-muon trigger system and capability to trigger on HF probes

- possibility to run at very high luminosity and collect huge amount of MB

- PID (that is still in possible in CMS with pixel) is important but not
fundamental

How can sPHENIX be complementary:

- both low pT (flow, collectivity) and high pT (jet queching, flavour
dependence) are still not completely understood.

- sPhenix could collect huge amount of data to help solving both the puzzles

- the possibility of having both data at LHC and RHIC energies is a unique
opportunity to validate theoretical calculations that are now very well
“tuned” at LHC.
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heavy quark production mechanism

g b b
LO process: Flavour Creation (FCR) T
— bb produced back-to-back in azimuthal o
plane and symmetric in pt l _
b
g b

9

NLO process: Flavour Excitation (FEX)

N

— bb pairs produced asymmetric in pt b y
and with a broad opening angle * 5
9 9
! ® NLO process: Gluon splitting (GSP) B

— produced with small opening angles
p and asymmetric in pr b
~ bb are not involved in the hard
scattering but produced later

27



Reminder on HF energy loss

— In-medium energy loss as a consequence
of radiative and collisional processes.

Flavour-dependence of radiative
energy loss:
e Larger for gluons than for quarks

E.g.in BDMPS model [I1] <AE> x & Crq L?
e Dead cone effect: gluon radiation suppressed 0.1,

at small angles for massive quarks

AEg > AEu,d,s > AEC > AEb

e produced early in the collision, they strongly
interact with the deconfined medium

0 20 40 60 80 100
] ) ) ) )
CUJET LHC (PbPb)
0.5+ +0.5
04+ +0.4
g~
—
503 +0.3
&
0.2 +0.2
+0.1
| | | 1 1
1 | | 1] |
0 20 40 60 80 100
~ pr (GeV)

— Raa® > RaaP > Raalieht (22)
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Heavy-flavours in pp and pPb collisions

Heavy quarks produced in high Q? processes at early stages of the collisions
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pPb:

« test of cold nuclear matter effects
 PDF modifications
e saturation
* final state effects

» collective evolution (hydro?)

PP-
o » test of pQCD calculations
' * reference for pA and AA measurements

N.Armesto, arXiv:hep-ph/0604 1 08v2.
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Heavy-flavours in PbPb collisions

Heavy quark energy loss in PbPb:
e collisional vs radiative component

Flavour dependence energy loss:

e <AE> « asCrqL?

e Dead cone effect: gluon radiation
suppressed at small angles for
massive quarks

>(\] 0.4_I [ ! I | | l | ] | l I I | l I

| B Centrality 30-50%

$ Charged particles, v,{EP,|An(>2} i
m Prompt D°,D%, D™ average, |y|<0.8, v.{EP}
[ ] Syst. from data

}—

Pb-Pb, \s,, =2.76 TeV |

L]

—
—

—

-0.2

[ | Syst. from B feed-down
L [T T TS R

|

| I

0

2 4 6 8 10 12 14

16 18
P, (GeV/c)

o
~

A E/E

EPJC C76 (2016)

o
o

o
()]

III'IIII IIII I

©o © ©
N W B

o
-

o

LTI I I

Collective behaviour:

* Vn measurements to study collective
behaviour of heavy quarks

« charm recombination in medium?
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Charmonia in heavy-ion collisions

Charmonia are bound states of cC

cC < QGP < QGP < quarkonium

Tformation ~5 Tformation Tlife decay
The presence of QGP should affect charmonia production (yield and kinematics)
T/Te 1/(r) [fm7)

vacuum QGP
Y(1S)

= | %(1P)

J/y(1S) Y'(2S)

% (2P) Y7(3S)
%(1P) w(25)

Suppression

Less bounded states melts at lower temperature
Tdiss (18) > Tdiss (2S) > ...

We should observe a hierarchy in the dissociation of different quarkonia
states depending on their binding energies
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Charmonia in heavy-ion collisions

Charmonia are bound states of tc

cC < QGP < QGP< 7_quawkonium

Tformation ~5 Tformation Tlife decay

The presence of QGP should affect charmonia production (yield and kinematics)

vacuum QGP QGP + high vsnn

Suppression Regeneration

Less bounded states melts at lower temperature
Tdiss (18) > Tdiss (2S) > ...

But life is not that easy, charm (re)combination in the medium is expected
to play a significant role at LHC!
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Bottomonia, a cleaner probe for the QGP

pp26pb PbPb 346 ub \u's = 5.02 TeV
NA 1 § _I ) | T 1T 1T 17 | 1 | || T TLTS -
o 4
- 10 —
S CMS :
@ Preliminary -
S :
w0 3
- Llpp :
Q -
> 5
W 10 PbPb E
) N
10 E =
10° Z
N N
10 B
10~ .
& u .
. p. >4 GeVlc
= T
10" | [ T O N A L L L L 11l

10 10 2
m (GeV/c )

Tt

Y(nS) states are less likely to be created via recombination!
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HF models overview

Table 11: Comparative overview of the models for heavy-quark energy loss or transport in the medium described in the previous sections.

Model Heavy-quark Medium modelling Quark—medium Heavy-quark  Tuning of medium-coupling
production interactions hadronisation (or density) parameter(s)
Djordjevic ef al. FONLL Glauber model rad. + coll. energy loss fragmentation Medium temperature
[S11-515] no PDF shadowing nuclear overlap finite magnetic mass fixed separately
no fl. dyn. evolution at RHIC and LHC
WHDG FONLL Glauber model rad. + coll. energy loss fragmentation RHIC
[459, 519] no PDF shadowing nuclear overlap (then scaled with dNg,/dn)
no fi. dyn. evolution
Vitev et al. non-zero-mass VENS Glauber model radiative energy loss fragmentation RHIC
[422, 460] no PDF shadowing nuclear overlap in-medium meson dissociation (then scaled with dN,/dn)
ideal fl. dyn. 1+1d
Bjorken expansion
AdS/CFT (HG) FONLL Glauber model AdS/CFT drag fragmentation RHIC
[624, 625] no PDF shadowing nuclear overlap (then scaled with dNg,/dn)
no fl. dyn. evolution
POWLANG POWHEG (NLO) 2+1d expansion transport with Langevin eq. fragmentation  assume pQCD (or I-QCD
[507-509, 585, 586] EPS09 (NLO) with viscous collisional energy loss recombination U potential)
PDF shadowing fl. dyn. evolution
MC@ ;HQ+EPOS2 FONLL 3+1d expansion transport with Bolzmann eq.  fragmentation  QGP transport coefficient
[528-530] EPS09 (LO) (EPOS model) rad. + coll. energy loss recombination fixed at LHC, slightly
PDF shadowing adapted for RHIC
BAMPS MC@NLO 3+1d expansion transport with Bolzmann eq.  fragmentation RHIC
[537-540] no PDF shadowing parton cascade rad. + coll. energy loss (then scaled with dNg,/dn)
TAMU FONLL 2+1d expansion transport with Langevin eq. fragmentation assume 1-QCD
[491, 565, 606] EPS09 (NLO) ideal fl. dyn. collisional energy loss recombination U potential
PDF shadowing diffusion in hadronic phase
UrQMD PYTHIA 3+1d expansion transport with Langevin eq. fragmentation assume 1-QCD
[608-610] no PDF shadowing ideal fl. dyn. collisional energy loss recombination U potential
Duke PYTHIA 2+1d expansion transport with Langevin eq. fragmentation  QGP transport coefficient
[587, 628] EPS09 (LO) viscous fl. dyn. rad. + coll. energy loss recombination fixed at RHIC and LHC
PDF shadowing (same value)

[1506.03981]
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Our experimental tools

N _
\ L

rec. track )
J/y I
/ B e
Primary 4
Vertex B prlmary 149' Secondary
T vertex
/ X vertex
d "\~
| 0 Trasverse
mpact lan )
parameter Do, Displayed /i) from B decays

Semi-leptonic electrons and
muons from c and b quarks

Fully reconstructed D meson decays:
< e DO K-+T1T*

D} = 1 Vo o D*— K-+TTHT1TY

e D™ — DO+11*

° D+s_} ¢+-I—l-+

xI




Our experimental tools

p+
Fully reconstructed B meson decays: W
-Bt— ‘/l/J K+_,H+u- K+
- RO 0* - K
B _"h’b K _’IJ u K'm m = 3.10 GeV/c?
*Bs— JAY p—-ptu- KK Iy
y{j&\/ K
B+ ; B* Decay
Displaced Vertex

Secondary
Vertex

tagged c- and b-jets
Primary W™=-./ e standard jet reconstruction
Vertex . . .
| * tagging based on the displacement with
respect to the primary vertex
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BB Ad correlations

NLO process: Gluon splitting (GS

— produced with small opening angles
and asymmetric in pT

g b
b
b {
b
g g

BB correlations strongly affected by
gluon splitting processes at low Ad

Gluon splitting (GS) contribution not well

modelled by most of the calculations

— GS contribution underestimated by models

) CMS \s=7TeV,L=3.1pb’

3 k‘l L I L I | I I L I | S I | l >
o ..' i—i ", p$ >15GeV, h8 < 2.0 S
bl [ % n*®| < 3.0 —a—
'0.31ﬂ5 = —F— ; =
E —a— . — f | ..__i__4 S
Uf = '_:-Q_:—ﬁ—| : ' &=
t‘:_—g—l: - : ' ; ' 3
:’. .¢‘ ; § i_'_§_| s
. i —3— o
10 E— —— | = —:g
- - ! e S
| = Data (pT >56 GeV) x4 N
102 o Data (P} >84 GeV)x2 N
=+ Data (p™>120 GeV) =
- ' PYTHIA S
i Normalisation region N
10 =
- L1 1 1 I L1 11 I L1 11 I L1 11 I L1 11 I | S N | l I—"

0 05 1 15 2 2.5 3
JHEP 1103:136,2011 B

B —_
A¢(B-B) |

b l

b
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DO production in pPb collisions

ALICE D measurements at 5.02 TeV, |)’| <0.5 ALICE, arXiv:1605.07569

8 ] I LI I LI | l | L L L I I LI I ] | L L l LI | g B | 1 | L] ] LI LI I 1 ] | L] I UL L] 1 I ] | ] L L] |
- - = ‘e -
[IQ 1 6__ALICE p-Pb, \/s,=5.02 TeV - U:Q 1 6__ALICE p-Pb, | 5,=5.02 TeV -
‘ Prompt D mesons, -0.96<ycms<0.04 : - Prompt D mesons, -0.96<ycm5<0.04 :
1.4 —s— Average D’, D', D™ ~ 1417 —s— Average D°, D*, D* .
i ll —e— [° :
1.2( — 1.2]f - _ —
i ot - .
il § 1 5
0.8 ~ o™ - =
0.6 = 0.6 3 - -
0.4 " ---- CGC (Fuijii-Watanabe) ] 0.4i ]
| == pQCD NLO (MNR) with CTEQ6M+EPSC9 PDF ~ _ i Duke -
0.2F~ === Vitev et al.: power corr. + k broad + CNM Eloss 0.2}~ — ' POWLANG (HTL) —
|« Kang et al.: incoherent multiple scattering - ===+ POWLANG (IQCD) ]
0 1 1 1 1 l 1 1 1 L l 1 1 1 1 l 1 | 1 1 1 1 1 1 1 l 1 L ] B 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 B

0 5 10 15 20 25 OO 5 10 15 20 25
P (GeV/ce) P, (GeV/c)

Rpoa well described by Cold Nuclear Matter (CNR) models and consistent
with unity at high pT!
Not possible to discriminate between various models with current uncertainties
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D% meson Rpa at 5.02 TeV

LHCb D° measurement at 5.02 TeV in forward(F) and backward (B) region as
a function of transverse momentum and rapidity

1_5 L] ] ] L] I ] L L L] I ] L] ] I l L L ] L] l 1 1 1 1

E 1'5 T T T | . l. 1 T | T T T | T T T E | .
Y - LHCtEcllmmury . 7 o - LHC tﬁcllmmary o N
: Ppb \"SNN_S TeV 25« '} *l<4 : : pr \ SN[\'_S TeV p'l'<8 GeV/e :
7 l R Ty 7
0.5 —4— stat. uncert . _- 05 -_ —4— stat. uncert. N
' e total uncert. - ' 5 total uncert. -
- A CTEQOM+EPSO9INT.0O - - 24 CTEQOM+EPSO9NT.O -
O R 2 . | . g 2 | . 2 2 I. 2 g 2 O L | IR ST T . | 'l .
0 2 4 6 3 0 1 2 3 4 5
reV/c *
LHCb-CONF-2016-003 pp [GeVic ly

Rpa and Reg described by to NLO prediction that include EPS09
parametrisation of the nuclear PDFs
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b-jet nuclear modification factor in pPb

pPb 35 nb™ (5.02 TeV

] T

[NENNNI

lllll

l[l‘ll 1

[ pp reference uncert.
| - 1 l

150 200 250 300
b jet ou [GeV/c]

L1 1 l lllllll lll I
0 50 100

R B
350 400

S 6 CMS b-jet Rpain bins of
-g: =4 transverse momentum
- . gy
a & and pseudo-rapidity
< -
o))
T,
Q.
ﬁ
~

PYTHIA Rpa consistent with unity
as a function of pt and pseudo-
rapidity

CMS, PLB 754 (2016) 59

pJemdpedq
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Heavy flavour leptons: LHC vs. RHIC

ALICE heavy flavour muons (c b—>muons) in pr collisions at 5.02 TeV

1 o | | L L |

—
—l

N =
. p-Pb | q,w - 5.02 TeV utec,b decays - @
» o 4\ycms\ -2.96
- ALICE Preliminary .
[ == NLO (MNR) with EPS0¢ shadowing n
- —— Z B.Kang el al.. incoherenl mulliple scallering .
- bYSlec. (¢ ungartainty on normalization -
AP | M PP PR [ PEPETS BN
2 4 6 8 10 12 14 16

P, (GeV/c)

PRL112 (2014) 252301

L T LI I | ] L I I LI I ] rra I LI § I LI B [ -
o5l p-Pb | s, =5.02 TeV, p*« c,b decays
C 2.9<y_ <3.94

- ALICE Preliminary o .
21 -

i forward :
1.5~ .
1F- :

L —— NLO [MNR) with EF309 shadow ng -
0.5 = Vitey: conerent scattering - kT broad + CNM Floss -
- systematic uncernzinty on normalization -

O _ " L l L L L l A A A l Al L l . l AL L l AL L l " L L _
0 2 4 o 8 10 12 14 16

o (GeV/c)

forward (shadowing)
backward (anti-shadowing)

Models with CNM describe
forward/backward rapidity at LHC
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Heavy flavour leptons: LHC vs. RHIC

ALICE heavy flavour muons (c b—>muons) in pr collisions at 5.02 TeV

| lIll llll lIll

£ B T ™ T T L L | ™
o 25: pr\QN\J-oﬂ.?TeV u«—cbdecays -
i oy <296 ]
- ALICE Preliminary .
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1.5
1;—-.................. 212 FEOE sS4 TR T -
. 5: == NLO (MNR] with EPS0¢ shadowing .
' » —— Z. B. Kang el al.. incoherenl mulliple scallering .
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‘ 'GCVJ )
c,b = muons
25— — broadening <k:>-2 25 GeV?/c?
21—
< . (b) 0-20%
e 15 -
1 E— Evg._.w___m_ e Tree
0.5
1 1 | 1 1

0 1 2 3 4 5 6
p, (GeV/c)  PRL112 (2014) 252301

L I L B | ] L I I LI I I rra I LI § I L B [ -
o5l p-Pb | s, =502TeV, p*« cb decays
C 2.9<y_ <3.94

- ALICE Preliminary o .
21 -

: forward :
1.5 -
1F- :

[ ——— NLO (MNR) with EF309 shadowng .
0.5 - Vitey: conerent scattering - kr broad + CNM Floss -
- systematic uncernzinty on normalization -

0 i " L l " L L l A A A l Al L l AL L l AL L l AL L l " I _

0 2 4 o 8 10 12 14 16
P, (GeV/c)

forward (shadowing)
backward (anti-shadowing)

Models with CNM describe
forward/backward rapidity at LHC

— Not possible at RHIC

42



D meson Raa in 0-10%

ALICE DO Raa |y|<0.5 at 2.76 TeV  CMS D° Raa |y|<1.0 at 5.02 TeV

25.8 pb™' (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)

§ 2_! | 1 LI I L 1 I L I L | | I I L | | | |-
@ 18f ALICE = - CMS
© 0-10% Pb-Pb, |5, =2.76 TeV mD’ ; 144 preliminary 2225 [
1.6 AD' Y05 = : °
i . i 1.2 |
1.4 D - - T,, and lumi.
- . A UDCEIEAINN ..eeeeeeennnreeeeseesse s
1.2 Filled markers : pp rescaled ref — i v 0-10°
: Ope:m marrnkzrrs‘:a psp ;ﬁeitrs‘:)o atfde:fgcr::nce: < - Centra“ty C-10%
A S S —— } D:< 0.8 ly| <1
s JHEP1603 (2016) 081 E o
0.8} JHEP1603 (2016) 082 - 0'6: . | _+_—‘|‘
0.6F ] E 0.4 -
0.4| I ; i ¥ ++
n u 0.2 P Enammh i
0.2t . | - : | |
B | O | | | L1 1 11 | | | L1 1 11
Ll I 1 Ll l L1 1 I | I | l L1l l 1 | - l L1 1 1 11
% 5 10 15 20 25 30 35 40 1 10 10°
P, (GeV/ce) P, (GeV/c)
CMS-PAS-HIN-16-001
Strong suppression at 2.76 TeV: Similar suppression at 5.02 TeV:
same suppression for D%D*,D** Rising trend observed when going to high pr
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Comparison to theoretical calculations

ﬁzfg'r”'" L L 25.8 pb' (5.02 TeV + 404 ub(5.02 TeV PbPb
C 1 8_@ ALICE Prellmlnary . - CK"S( Pp) MR [()O )
“E Ph-Ph, =2.76 TeV i - EAA. .y
E \f . 1.4¢ Preliminary ik
1.6/ oAvcragc D’ D .0 |y<05 i _ CUJET3.0D
= o neeivalie | o TAMU clastic (*) N - —— S. Cao et al.
; 4:; 07.5% Ccn“a"ty L Rl ) 19 .. | — PHSD w/ shadowing
4 . K#'&DGH E?*é}»’l}, L : L Tagand lumi. PHSD w/o shadowing
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CMS-PAS-HIN-16-001
Several models describe the data within uncertainties:

* hints at low pr that collisional energy loss is non negligible
* pure collisional models can describe the Raa up to high pt (??)
* shadowing improve description of the data at low pr
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D meson Raa at 2.76 TeV

é 2 L l 1 LI I L 1 I I I i I I I | LI | | LI
o 18 - ALICE E
~ 0-10% Pb-Pb, |s,,, =2.76 TeV mD’ :
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Strong suppression in central PbPb events:

same suppression for D°,D*,D** indicate
independence from fragmentation

mg 2—llll|llll|llll|llllllllIllllIllIlIlllll—
-~ 1.8 —— Prompt 0°R%,, GMS Preliminary —
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ALICE and in good agreement

PbPb {s,,, = 2.76 TeV

Differences at higher pt due to different
bp references
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DY meson Raa at 5.02 TeV

CMS DO Raa |y|<!.0 at 5.02 TeV

25.8 pb' (5.02 TeV pp) + 404 ub' (5.02 TeV PbPb) 25.8 pb " (5. 02 TeV pp) + 404 u b’ (5.02 TeV PbPb)
B T T 1T | I I T T T | I I I T T 1T | ]
- CMS 1.6 CMS Prellmlnary —
1.4 Preliminary - m_| CMS, 5.02 TeV, lyl<1 i
i » R D°
{ of AA 1.4 = ] ALICE, 2.76 TeV, lyl<0.5
"0 Taa and lumi. 100 T, and lumi E
1k uncedainty i - uncertainty ]
rI:E ) 8} Centrality 0-100% I:E L T ~
O lyl <1 B i
o _+__+_ o 08 -
0.6 0.6 _+_ _
. 4 E"‘" N +-1- - i
0.4r EE B 0.4F - n ]
i - B ]
0.2__ 0.2 — | ]
O_ ] ] ] ] L 111 | ] ] ] I I | | O : L 111 | ] ] ] L1111 | ] ] ] L1111 | :
2
1 10 10° 1 10 10
p_ (GeV/c) p_ (GeV/c)
Strong suppression observed at 5.02 TeV Similar suppression observed at 2.76
Rising trend observed when going to high pr and 5.02 TeV by CMS and ALICE

Caveat: different rapidities
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Flavour dependence of Ejoss at 2.76 TeV

ALICE, JHEP 1511 (2015) 205

(( - . ° . .
C Pb-Pb, | 5, = 2.76 TeV pQCD model (M.Djordjevic) that

1o/ ® D mesons (ALICE) 8<p <16 GeV/c, |y|<0.5 . assumes two different mass
- i glgr—prc'gwopiGJ/g/(Cl\LcIS Przeliminary) .
- S<p_< eV/c, |y|<1.2CMS-PASHIN-12.074 .

1* ‘empty) filled bexes: (un)correlated syst. uncert. : hypotheses fOI" non prompt J/l/)

_ Djordjevic et al. PhysLet B 737 (2014) 298 B M.Djordjevic, PRL 112, 042302 (2014)
- = D mesons g
. w = NOn-prompt J/y .

0.8 .-===. NON-prompt J/yy with ¢ quark energy 1058 —
i Non-prompt J/y

06 .5:::&\ D mesons
a 50?05\50\' il b-qual"k Eloss

0.4 S . -

; :.Q“\
02 C-qual’k Eloss

%50 100 150 200 250 300 350 400
<Npart>

According to this model, the difference Raa for non prompt |y and B can be
attributed to a difference in the Eiss of charm and beauty quarks
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I:{AA

Flavour dependence of Ejoss at 2.76 TeV

CMS \/? — 276 TeV CMS-PAS-HIN-15-005
NN ~ <
_I 11 | T T | T T | T T | T T | T 1T | T T | T 1 I_
1.4 B Open beauty: nonprompt J/1 l
i ® 65< p.< 30 GeV/c, lyl < 1.2 ]
1.2 Open charm: prompt D (ALICE) i
- 0 8<p_<16GeV/c, lyl <05 i Non-pr'ompt j/l/J
1: Light hadrons: * (ALICE) = 1 D mesons
O.8+ + O 8<pT<16 GeV/c, lyl < 0.5 _: 1-l-+-
0.6~ i -
- B ¢ ¢ ¢ i
0.4~ % @ o
i (s} :
0.2 B a5
O :I | [ 1 | I | I | I I | I I | I I | I | | 1 1 I:
O 50 100 150 200 250 300 350 400
Npart

No change in the physics message when comparing to the
final result of non prompt |/i) Raa from CMS
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Comparison with models
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0?: i ] Theory prediction for prompt D -
- WHDG rad+coll 4 =0.051 — LBT — L. Pang —
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o (GGV/C) 0 5 10 15 20 25 30 35 40
-

P (GeV/c)

we need charm quark diffusion to describe the magnitude of the
D meson v!
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Heavy-flavour muons at 2.76 TeV

0.05

I LI

1

L]

30-40%

pT (GeV/c)

VS

0.05

4<p_<45GeV

l —g :
— ATLAS Preliminary ~
- \'Syy =2.76 TeV =
I 2011 Pb+Pb L _ =0.14nb”
60 50 40 30 20 10

centrality [%]

ATLAS-CONF-2015-053

Positive v2 for muons from heavy-flavour decays (b+c) at LHC:
* include the contributions of beauty to v2 that is currently unknown

* v2 of heavy flavour muons < vz (D?) from ALICE
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Non-prompt J/@ at 2.76 TeV vs B™ at 5.02 TeV

|| 1 T TIIIIT\ | I e I TIII]I IIIII_‘
(Ié 1.4 Nonpmmpt l/\|f B N
CMS: 2.76 TeV CMS Preliminary: 5 TeV|

. P16<|y|<24 0« p,<65GeVic M |y|<2.4,7<p <50GeVic
1.2 Ayl <24,65<p_ <30 GeVie

R

. ATLAS Preliminary: 5 TeV 1

1 - My <2.9< pI < 40 GeV/e, Cent. 0-80% ]

O. 8 j i
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e
Oll Ll llllll’ ’lllllll l‘llll L1l Illlll lllll
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The B* Raa at 5.02 TeV and non-prompt J/@ at 2.76 fully compatible within uncertainties!
BIG CAVEAT: different energies!
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Exclusive B-meson measurements

Exclusive B mesons can span the full range and get closer to the parton kinematic!

CMS Preliminary PbPb |'sy, =5.02 TeV
50—

- lyl<2.4 --Data

. 10.0< p, < 15.0 GeV/c — Fit

B+_) Jll/) K+_)”+IJ- K+ 40:— Centrality 0-100% .. iB" Signal

‘\TQ\ - --- Combinatorial
> R —B — Jp X
s 30F
0 : Xz/nDOF: 60.84/44 = 1.38
T :\D’ -
_ Q20
H = -
LLl N
10 +
m = 3.10 GeV/c?
_ o Jiy O‘Uﬁmm.‘mﬂm|+|++|||H’|+
Pr'ma\';yr(t:O"'S'O“ {r:? K+ 5 51 52 53 54 55 56 57 58 59 6
ertex e ~——— 2
y Mk (GeVicT)
B* * Decay
Vertex .
How do we reconstruct B mesons in CMS?

— Clean and high statistics sample
collected by triggering on muons!
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v2 of non prompt J/y

v2 of non prompt J/i in PbPb collisions at 2.76 TeV

CMS Sy = 2.76 TeV

(\] L | L | L | L | L | L | L | L | I
> 0.25 B Open beauty: nonprompt J/4 _
TTF 4 16<lyl<24 -
B * lyl<24 ]
- MC@sHQ + EPOS (Cent. 20-60%, lyl <1) -
0.2~ --- B(K=0.8) --- B (K=1.5) —
| — NP Jhp (K=0.8) —— NP Jiyp (K=1.5) i
0.15F -
i Cent. 10-60%
0.1+ + —
0.05- .~ B _---fII::II:::::::::{
;}%-\/\‘ ~—~————

O L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | L1 1 | |

O 2 4 6 12 14 16

g8 10
o (GeV/c)
— Compatible within uncertainties with theoretical calculations
Looking to see the new measurement with Run2 data with higher statistics!

arXiv:1610.00613, Submitted to Eur. Phys. J. C
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prompt and non prompt charmonia

Inclusive J/Y

Prompt }J/Y Nonprompt J/¢y
P(2S) and y«

e Prompt component:
affected by color screening and regeneration in the QGP

¢ Nonprompt component:
reflects Eioss of b quarks in the medium

Separation of components based on pseudo-proper decay length ({):

\.l

= B0y
""""" _]/1;') - Xyz °

L.y secondary Prp

vertex

m,j fs

primary
vertex

Ta-Wei Wang’s talk (8%):
nonprompt charmonia
& full B reconstruction

This talk:
prompt charmonia
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prompt and non prompt charmonia

Two techniques to separate components:

1. 2D fits of dimuon mass and pseudo-proper decay length

34.6 no™ (pPb 5.02 TaV) 3480 ' (pPb 5.02 TeV)

T ] T T | T Ty T I ] 1 T T T ] T ‘l’ T T ]’
L 15y ez 193 4 152y =193
¥ous CMS 10t o CMS

1000 cep_<3GnVin ] i 3

u’t: e Dala | 7 e« Dan 1

S 800 v Total fit "a _ E v Toke fit E
K | S Bkg +ronprompt 77 1 :' =% Bkg + nanprompt - .
;’ -sm wgro“w e, iw‘ e Backy-:mnd O
o HOO- — Ny -
- ‘ » ] -
~ | 7 - e
.‘g 2 (‘i
g 400 8 0,5. . Q
200 °;;‘:_,\,, >
= tf.-.’ ..;_ - x
- S S
9 Ll l LA Ll l 1 Ll L L 1L A P ' l P l LA l LAl l 411 l Ll L ’ l 111 & ﬂ

b 27 28 29 3 9.1 3¢ 4343 854 5o 0s 1 5 2 25 3

m,, (GeVic?) i1y (M)

2. Rejecting nonprompt using a cut on ¢,y
(can be used with low stats: P(2S) analyses)

cat effciercy

k/ Tl

Correction (from data) to account for remaining
nonprompt contamination:

8 fraction
— _\*

V

- Using reverted ¢y cut Non-prompt

D
- MC efficiency of ¢y cut

]
lyy cut 'y
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W(2S) /J/Y vs pr

PbPb 351 ub™, pp 28.0 pb™' (5.02 TeV)
Q_2.5IIII|IIII|IIII|IIII|IIII|IIII

E m lyl<1.6, 0-100% CMS

5 @ 1.6<lyl<2.4, 0-100%
| [ [ Du and Rapp (arXiv:1609.04868)

Prompt only
o . E FA
95% CL where no significant e

q)(ZS)SignaIinPbe O_IIII\{IIII|IIII|IIII|IIII I T —
0 5 10 15 20 25 30

P (GeV/c)
® Raa(P(2S))/Raa(J/W) < I in all bins—P(2S) is more suppressed than }J/Pp

arXiv:1611.01438

® No pr dependence within uncertainties

® X.Du and R.Rapp: transport model with temperature dependent reaction rates

— P(2S) regenerated later than J/ in the fireball evolution?
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(W(@S)np), | (W (RS)IAY)

W(2S) /J/p vs centrality

2.76 vs.5.02 TeV

ly| < 1.6 ;6.5 <pr <10 GeV/c

PbPb 351 ub™, pp 28.0 pb™ (5.02 TeV)

2_|||||||||||||||||||||||||||||||||||||||||_
1 gf W (5,=5.02TeV CMS - Cent
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1.6 ™ (PRL113 (2014) 262301)

14F Du and Rapp (arXiv:1609.04868)
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part

1.2<]|y|<24;3 <pr<30GeV/c
PbPb 351 ub™, pp 28.0 pb™ (5.02 TeV)
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= - + .
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CMS results vs centrality, pr and rapidity can help to constrain the model:

® Relative contribution of primordial and regenerated charmonia

® Dissociation and regeneration rates

® Temperatures at which J/\p and P(2S) regenerate
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Comparison to theoretical calculations

CMS VS = 2.76 TeV

I:{AA

B INT T 1 | I T T 1 | I T T 1 | I T T 1 | I T T 1 | I T T 1 ]
1 4 m—— MC @sHQ+EPOS+rad+LPM: standard (0-100%, lyl <1) —]
) = MC @SHQ+EPOS: standard (0-100%, lyl < 1) —
—— BAMPS: b=5 fm (lyl < 2.4) .
[ Vitev: Rad E loss+CNM-+Dissoc (0-10%, y~0) N
1.2 [ Vitev: Rad E loss+CNM (0-10%, y~0) —
[ He,Fries,Rapp: HF transport (0-90%, y~0) B
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1 =
i Nonprompt J/4 ]

0.8F vlo<hi<24 1 CMS non prompt 1.6<|y|<2.4

-Of * Iyl <2.4 i on prompt 1.0<|y|<<.
i 1 CMS non prompt |y|<2.4
0.6F .
0.4~ ]
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- Cent. 0-100% ]
O i | 1 1 1 | | 1 1 1 | | 1 1 1 | | 1 1 1 | | 1 1 1 | | 1 1 1 ]
0] 5 10 15 20 25 30
P (GeV/c) arXiv:1610.00613, Submitted to Eur. Phys. J. C

Strong suppression observed for non prompt J/¢ in PbPb collisions
Clear suppression as a function of pr
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